The paper presents the results of study on heavy metals in needles of Pinus sylvestris in selected pine forests in Słowiński National Park. It was evidenced that heavy metal contents (Zn, Cu, Mn and Fe) in needles of Pinus sylvestris varied depending on the metal, the age of the needles and the humidity of a forest complex. Variation coeffi cients of such metals remained at the level of: 13-30% (Zn), 3-6% (Cu), 13-34% (Mn) and 12-30% (Fe) depending on the age of the needles. In the case of Zn, Mn and Fe higher concentrations of researched metal were found in the 2-year-old needles than in 1 year old needles, and in the case of Cu in 1 year old needles than in 2-year-old needles. The increase of zinc concentration found in 1-year-old needles after rainfall sums was (Bw, r = 0.67, p < 0.05, n = 24) and (Bśw, r = 0.39, p < 0.05, n = 24) in 2-year-old needles. The content of the above mentioned metals in needles of dry coniferous forests (Bs), fresh coniferous forests (Bśw) and humid coniferous forests (Bw) of the ground cover constitute the following decreasing series: Mn(323.8) > Fe(103.4) > Zn(65.5) > Cu(5.9).
INTRODUCTION
Heavy metals are natural components of the natural environment and are constituents of minerals and rocks from which they can be gradually released by means of weathering. Their natural content in lithosphere, which constitutes the so-called geothermic background, varies spatially and depends on the geological processes in the past. Emission of heavy metals from anthropogenic sources has been vital in recent centuries. It has led to increase of concentration of such substances in various ecosystems [33] . Heavy metals as components of dusts (PM 10 and PM 2.5 ) and aerosols can be transported in atmosphere over substantial distances leading to contamination of ecosystems situated far away from the sources of their emission [1, 29, 32] . Heavy metals constitute the most persistent soil contaminants with a very limited migration [14] , thanks to which, the vertical diversity of their concentration in young fl uvial deposits and slope deposits in relation to the local ARCHIVES OF ENVIRONMENTAL PROTECTION vol. 39 no. 1 pp. 41 -51 2013
geochemical background can constitute a basis for reconstruction of the character and level of intensity of anthropopression during historical and contemporary periods [37] . Heavy metals, as natural constituents of ecosystems, are vital for correct functioning of plants [35] , however, their excessive concentration in environment is harmful. Their specifi c concentration can disturb the functioning of ecosystems, being hazardous to plants, animals and the man [6, 8, 19] . Heavy metals undergo bioaccumulation in plant and animal tissues so the threat of being poisoned by them increases at subsequent links of the trophic chain -with the man at its end. Particular plant species react to increased concentration of heavy metals in the environment in different ways. The most sensitive ones are used in biomonitoring. Pinus sylvestris is a species which is little sensitive to infl uence of most heavy metals, however their concentration in needles of the species represents close correlations to the concentration of heavy metals in the air [2, 12, 13, 15, 18, 28, 37] . Analysis of heavy metals content in needles of Pinus sylvestris can constitute a basis for the evaluation of air pollution with heavy metals.
The aim of the research was: (i) evaluation of the content of selected heavy metals (Zn, Cu, Mn, Fe) in needles of Pinus sylvestris depending on the age of the needles, (ii) consideration of the infl uence of humidity of subsoil on accumulation of heavy metals in needles of Pinus sylvestris, (iii) reference of heavy metals content in needles of Pinus sylvestris to the volume of emitted dust in Poland, (iv) comparison of accumulation of heavy metals in needles of Pinus sylvestris in Słowiński National Park with other national parks in Poland.
MATERIAL AND METHODS

Study Area
Three pine coniferous forest systems (the area of 0.5 ha) which differ in the level of the moistening of the solum at the territory of Słowiński National Park (SNP), in Smołdziński Forest Protection Districts were selected. The fi rst one comprises a 110 years' old cup moss coniferous forest (Empetro nigri-Pinetum cladonietosum, dry coniferous forests -Bs) covering loose regsol: O, AC, C, situated at the level of about 10 m a.s.l. outside the reach of underground water. The second research area comprises a 120 years' old crowberry coniferous forest (Empetro nigri-Pinetum, fresh coniferous forest -Bśw) at about 4 m a.s.l. which covers proper podzolic soil gleyed from the bottom (O, A, Eesgg, Bfegg, Cgg). A 125 years' old sea coast heath coniferous forest is found over the third research area (Empetro nigri-Pinetum ericetosum, wet coniferous forests -Bw), situated at the level of about 2.5 m a.s.l., which covers proper podzolic soil gleyed from the bottom: O, A, Eesgg, Bfegg, Cgg. The soils of the tested forest complexes (Bs, Bśw and Bw) originated from deep dune sands. The average depth of dipping ground water is about 45 cm. The tree stand of the examined pine coniferous forest is characteristic of the uniform productivity index, in spite of difference in height (from 6 to 13 m) and average breast height of the examined tree stands (from 11 to 27 cm), (Tab. 1).
Needles analyses
The needles of Pinus sylvestris were collected for testing during growing season from March to October 2010 (once a month) in Bs, Bśw and Bw. The samples of the needles were taken from a dozen trees from each pine forest. Next they were put together making the mixed samples of 1-and 2-year-old pine needles. After their transport to the laboratory, the plants were washed in the deionized water, dried to the constant mass at the temperature of 65°C, then they were homogenized in a grind. Selected metals: Zn, Cu, Mn and Fe were determined in needles samples after digestion in the mixture of concentrated HNO 3 and 30% H 2 O 2 by means of atomic absorption spectrometry method (Aanalyst 300, Perkin Elmer) according to Ostrowska et al. [23] . The tests were carried out following the original standards (Merck KGaA, 1g/1000 ml).
Other variables (environmental and soil-related)
Rainfall, air humidity and air temperature were recorded in the Gać meteorological station located inside the boundaries of SNP. Month average values of major climatic conditions for the study period are shown in Fig. 1 . In general, marine climate is characterized by mild winters (-1.6°C-1.0°C), not so warm summers (14.2°C-16.2°C) and high air humidity (83%) [27] . In order to assess a possible relation between soil properties in Bs, Bśw and Bw the contents of heavy metals in needles were investigated as well as heavy metals in the soil (Tab. 2).
Statistical Analysis
In order to characterize and compare concentrations of selected heavy metals in the tested needles, mean values, standard deviations, enrichment factors (EF) as well as Spearman's correlations were calculated. Statistica (7.1) software was used for calculations. 
RESULTS AND DISCUSSION
The heavy metals contents in the needles of Pinus sylvestris varied depending on the metal, the age and humidity of the forest complex (Tab. 3, Fig. 2 ). The concentration of zinc remained at the level from 53.9 to 63.6 mg·kg -1 d.m. in 1-year-old needles and from 64.9 to 83.0 mg·kg -1 d.m. in 2-year-old needles. The highest differences in the content of zinc between the 1-year-old and 2-year-old needles were discovered in Bs (27%), slightly lower in Bśw Bśw (20%), and the lowest in Bw (9%).
The zinc content in the needles of Pinus sylvestris was changeable within the examined vegetative season (Fig. 2) . The highest variability from March to October was found in the case of zinc in 1-year-old needles of Bs (CV = 30%), and the lowest in the needles of 2-year-old needles of Bw (CV = 13%), (Tab. 3). Statistically vital positive correlations were found between the Zn content in 1-year-old needles of Pinus sylvestris and the content of Cu-1 (Bs, Bśw and Bw), Cu-2 (Bs and Bw), Mn-1 (Bs and Bw) and Mn-2 (Bs). In addition, a vital negative correlation was found between Zn-1 and Fe-2 in Bs and Bw (Tab. 4). The zinc content in the needles of Pinus sylvestris also refl ected relations to rainfall. The increase of zinc concentration along with the increase of rainfall months sums was found in 1-year-old needles of (Bw, r = 0.67, p < 0.05, n = 24) and 2 year old needles of (Bśw, r = 0.39, p < 0.05, n = 24). In the ecosystem of Bs, it was discovered that the rainfall had vital impact on the lowering of zinc concentration in 2-year-old needles of (r = -0.79, p < 0.05, n = 24). The phenomenon of washing out of ions of Zn 2+ from the foliage was described in research work done by Stachurski and Zimka [30] .
The average zinc content in overground parts of the plants which were not affected by contamination, remains at the level of 10-70 mg·kg -1 . To cover physiological demand of most plants, the suffi cient concentration in the foliage is within the range of 15-30 mg·kg -1 [9] . The low concentration of Zn in examined needles of Pinus sylvestris refl ects a small content of that element in podzols of SPN, produced on the basis of defi cient dune sand (Tab. 2). Similar volumes of zinc were found in the needles of Ps in Poland: from 35 to 72 mg·kg -1 (1-year-old needles) and from 41 to 99 mg·kg -1 (2-year-old needles) in Świętokrzyski National Park [17] , from 31 to 61 mg·kg -1 (1-year-old needles) and from 45 to 99 mg·kg -1 (2-year-old needles) in Stalowa Wola [28] , from 40.9 to 173.7 mg·kg -1
in Białowieża Primeval Forest, [3] and 35-74 mg·kg -1 in various low land habitats in Poland [24] .
From among the examined metals, copper revealed the smallest content in Ps needles, being almost at the constant level during the whole growing season, which confi rms the small mobility of that element in plants [9] . In 1-year-old needles, the Cu concentration was maintained at the level from 5.7 to 6.9 mg·kg d.m in 2-year-old needles [17] , within the area of Stalowa Wola from 5.0 to 8.6 mg·kg -1 (1-years-old needles) and from 4.7 to 7.8 mg·kg -1 (2-year-old needles), [28] , and in Białowieża Primeval Forest from 2.92 to 3.85 mg·kg -1 [3] . In the coniferous forest of SNP, as in ŚNP and Stalowa Wola, a small predominance of the copper content in 1-year-old needles in comparison with 2-year-old needles (Tab. 3, 4, Fig. 2 ) was discovered. In addition, a vital statistic correlation between Cu-1 and Mn-1 content in Bw was found, as well as negative correlation between Cu-1 and Fe-2 in Bw. More vital statistic relationships were found in 2-year-old needles. A positive correlation was found between the concentration of Cu-2 and Mn-1 in Bs and Bw, as well as between Cu-2 and Fe-1 in Bśw. Along with the increase of the copper content in 2-year-old needles, the iron content in 1-and 2-year-old needles in Bw decreased (r = -0.38 and -0.69 and r = -0.59, p < 0.05, n = 24). It was also found that the rainfall had a vital statistic impact on the lowering of copper concentration in 1-year-old needles of Bs and Bśw (r = -0.34 and r = -0.49, p < 0.05, n = 24), (Tab. 4).
Such relationship was not observed in the case of 1-year-old needles which can suggest that the level of humidity of the solum has vital impact on Cu content in needles of Pinus sylvestris. The low Cu content in the needles of Ps: Bs, Bśw and Bw does not constitute any threat to them, and quite contrary, it is only suffi cient to cover physiological needs.
The manganese content in the needles of Pinus sylvestris at SNP was maintained at the level from 185.1 to 368.7 mg·kg -1 in 1-year-old needles and from 211.1 to 449.8 mg·kg
in 2-year-old needles (Tab. 3, Fig. 2 ). It was discovered that 2-year-old needles cumulate more quantity of Mn than 1-year-old needles. The lowest Mn content was found in the Note: 1 -one year old needles, 2 -two years old needles, a -critical values of Spearman's coeffi cient [36] needles of Pinus sylvestris at Bw, and the highest in the needles of Bśw. Similarly, the plants of ground cover indicated a higher manganese content in Bśw than in Bs and Bw at SNP [25] . Accumulation of manganese in needles of Pinus sylvestris varied within the examined growing season (Fig. 2) . The highest variability was found from March to October in the concentration of Mn in 2-year-old needles of Bśw (34%), and the lowest in 2-years-old needles of Bs (13%). According to various authors, the concentration of Mn in plants at the area outside the infl uence of contamination is usually: 340-1339 mg·kg -1 [16] , 1540-3952 mg·kg -1 [11] , 122-837 mg·kg -1 [4] , 180-300 mg·kg -1 [5, 7] and from 75 to 1849 mg·kg -1 [25] . Statistical analyses of the research results indicated identical tendency between the content of Mn-2 and Fe-1 (a strong positive correlation) both in Bs, Bśw and Bw, independent of the level of humidity of the forest ecosystem. Rainfall had vital impact on the lowering of manganese concentration in 2-year-old needles only in the case of Bs (Tab. 4).
The iron content in the needles of Pinus sylvestris varied within one growing season. 2-year-old needles in Ps were characteristic of the highest abundance, in which the iron concentration was maintained at the level from 107. (Fig. 2) . The iron content measured in the needles of Ps (SNP -Bs, Bśw and Bw) is slightly lower form that obtained by Samecka-Cymerman et al., [28] : 64-169 mg·kg -1 (in 1-year-old needles) and 77-270 mg·kg -1 (in 2-year-old needles), and Ostrowska et al., [24] : from 183 to 294 mg·kg -1 in 1-year-old needles and from 247 to 430 mg·kg -1 in 2-year-old needles and close to the results obtained by Staszewskiego et al., [31] at Kampinoski National Park.
Little content of Zn, Cu, Mn and Fe in needles of Pinus sylvestris (SNP) results, among others, from little content of such metals in the soil (Tab. 2.), small tourist activity [26] and relatively clean air. It is mainly due to the location of the park far away from the largest sources of dust emission. It was confi rmed by the results of the tests of the suspended particulate matter PM 10 (a potential source of heavy metals) preformed in 2010 within the area of Słowiński National Park SNP (17 μg·m -3 ), [1] . In 1995 (529 t), emission of suspended particulate matter substantially decreased in comparison to the year 1990 (1165 t), [20, 21] . According to some tests of moss and other plant bio-indicators within the SNP, that area was recognized as one of the cleanest areas in Poland in the 1970s [5, 6, 7, 25] , however, with further development of industry and location of new industrial establishments in the north of Poland, even this park can be under the pressure of pollution. At present, the parks situated in vicinity of large industrial areas are most exposed, such as: Ojcowski, Wielkopolski, Karkonoski and Świętokrzyski National Parks [5, 34] .
Little content of Zn, Cu, Mn and Fe in the soils and needles of Pinus sylvestris of examined Bs, Bśw and Bw of SNP can be translated into a low value of enrichment factors (EF), Tab. 5. The lowest enrichment factors were found in the case of iron (EF < 1.4), and slightly higher in the case of zinc (EF < 2.8), cooper (EF < 3.2) and manganese (EF < 5.1). These values indicate that manganese represents the highest accumulative properties. According to Kłos [10] the values of enrichment factors EF < 10 indicate the alluvial soil, as source of metals origin. The obtained values of enrichment factors EF should be treated only for orientation purposes since they were determined on the basis of total concentrations of metals in the soil, where plants accumulate only bio-available form of such contamination.
CONCLUSIONS
The content of Zn, Cu, Mn and Fe in the needles of Pinus sylvestris varied within a growing season. The vital impact on the shape of accumulation of heavy metals in the needles of Pinus sylvestris had especially: the age of the needles, sums of rainfall and humidity of the solum. Variability coeffi cients of those metals were maintained at the level of: 13-30% (Zn), 3-6% (Cu), 13-34% (Mn) and 12-30% (Fe) depending on the age of the needles. No accumulation of heavy metals was found in the tested samples of Ps needles. In the case of Zn, Mn and Fe higher concentrations were found in 2-year-old needles than in 1-year-old needles, and in the case of Cu in 1-year-old needles than in 2-year-old needles. The concentrations of iron, cooper, zinc and manganese were strictly connected with rainfall which had impact on accumulation of those metals in the needles of Pinus sylvestris and shaping of humidity of forest ecosystems.
The examined pine coniferous forests (Bs, Bśw and Bw) due to their location in SNP far away from the sources of contamination, relatively low tourist activity and small content of metals tested in the soil, show no burden of the tested heavy metals, and relations among them are the following: Mn (323.8) > Fe (103.4) > Zn (65.5) > Cu (5.9). The low level of accumulation of the above mentioned metals in the needles of Pinus sylvestris is also represented by the values of enrichment coeffi cients (EF).
Having analyzed the content of the selected heavy metals in the needles of Pinus sylvestris, it was discovered that Słowiński National Park was still among the cleanest national parks in Poland. 
